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2083tRLT . A simple strategy for ‘he attitude control and arm coordination of a maneuverable
space robot with dual arms is proposed. The basic task for the robot consists of the
placement of marked rigid solid objects with specified pairs of gripping points and a speci~
fied airection of approach for gripping. The strategy consists of three phases each of
which involves only elementary rotational and translational collision-free maneuvers of the
robot body. Control laws for these elementary maneuvers are derived by using a body-
referenced dynamic model of the dual-arm robot.

1. INTRODUCTION .

in the design of orbital maneuvering vehicles (O#V) with multiple robot arms for spacecraft servicing, space
station assembly and maintenance, and satelliie retrieval, it is required to develop on-board feedback control
systems for vehicle attitude and arm coordination {1}-[3]. In contradistinction with earth-based fixed robots,
the control systems for OMV robots must take into consideration the interaction between the vehicle attitude and
robot arm motions.

In this paper, we propose a simple strategy for attitude control and arm coordination of ar OMV with dual
robot arms whose basic task involves the placement of marked/rigid solid objects. We begin with a description
of the robot and its basic task to be performed, This ig/followed by a discussion of the basic requirements and
constraints associated with the control problem, Then,‘ihe proposed control strategy for performing the basic
task is presented. The paper concludes with a brief dghcription of the work in progress,

2. ROBOT AND TASK DESCRIPTIONS /

Figure 1 shows the tasic configuration of the CﬂV dual-arm robot under consideration. For simplicity, the
main frame of the MV is represented by a maneuverable rigid body which provides a base for the robot arms. We
assume that the arms have only rotary joints and;ﬁheir motions with respect to the base are planar.

The basic task for the OMV robot consists of placement of marked riqid objects. By a “marked object”, we
mean an object having a pair of specified gripping points f-um which the object can be grasped by the end-effec-
tors of the dual-arm robot. Moreover, thie object has a single specified direction of approach for dual-arm
gripping. The gripping points are marked sé that they can be viewed by a vision system. Here, we do not con-
sider the problem of determining the optimal gripping points and direction of approach for an arbitrary shaped
rigid object based on some specified criterion, To fix ideas, we <hall discuss only briefly the foregoing
problem for a slender rigid rod with a uniform rectangular cross-section and tength L. Evidently, for such a
rod, it is ‘esirable, in most situations,. to choose the gripping points p_ which are symmetrically located about
the center of mass along the rod. Constraints on the admissible locatiofs of p_may be imposed by considering
the end-effector size and the mode of gripping. Figure 2 shows two different mades for gqripping the rod by a
planar dual-arm robot. In the first mode, a single direction of approach for both end-effectors is specified.
In the secord mode, the end-effectors may approach the rod from opposite directions. The choice of the gripping
mode should depend on the placement objective and gripping stability (i.e. small offset in the relative orienta-
tion between the end-effectors and the object during the approach does not result in the loss of ability %o grasp
the object).

3. BASIC REQUIREMENT AND CONSTRAINTS

Before discussing the problem of Aderiving suitable control strategiers for the MV robct to perform the tasic
task, we first consider the basic requirements and physical constraints- associated with the problem.

Let T (t), T_.(t), I .(t) and I (t) denote respectively the compact connected spatial domains in the Euclidean
space R’ occupied the marked object, i-th joint, ]-th link and the OMV base at time b, Their boundaries
are denoted by 37 _(t), s = o,Ji,Lj,B. The spatial domain of the entire robot at time t is denoted by no(ey =

LJi(EJi(t)L)ELi(t Y we assume that ﬁo(t) has a pair of specified gripping points Q;(t) and E;(t) on 3Zo(t)

which are time-invariant with respect to any fixed body-frame of T (t). We assume that the line segment L (t) =
co({g;(t),gé(t)}) (the convex hull of the set {.}) lies in a planeo,ﬁo(c) with normal n_(t) corresponding 8 a

specified direction of approach for gripping by the end-effectors of both robot arms.
Since the OMV is to be an autonomous or self-contained system, it is naturul to introduce a body coordinate

system C which serves as the basic reference frame for the arm motions and the vision system. For convenience,
the origin of CB is fixed at the root of one of the arms, let fgx(t),ey(t),gz(t)§ desote the time-dependent
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basis Bt fer CB' We align e (t) with the axis of the first rotary joint of arm 1 (see Fig.l).

tet p'(t) and E;(t) denote the base points O and 0' of links 1 and 1' at time t respectively. The line seg-
ment LR t) = colipl(t), 2(t}}) and normal n_{t) = e (t) define a plane [ (t), where (t) specifies the heading
of the OMV robot at time't, Ihe position of theend-effector of arm i (may be taken as the tip of the second
1ink of arm i) is denoted by Eg(t)' and the deviations g%(t) - g;(t) and nR(t) - go(t) by Apl(t) and Aplt) re-
spectively.

Now, the basic requirements and constraints associated with the control of OMV robot can be stated as follows:

(a) Before the end-effectors are in contact with the specified gripping points of the object, any OMV maneuvers
and arm movements must be collision-free., This implies that

(i)aXR(t)r\BEo(t) = » (no robot-object collisions);

(i) iL—JX 2(axntc)u :.xum)lﬂ[ stIJ' 2,‘3733,'“’U 3Ly {t))] = @ (no arm-arm collisions);
N i ’

(iii) BELi(t)r\DEB(t) = § and aZJi(t)f\ aza(t) = @, j=2,2' (no second link(joint)-base collisions)

at any time t€[0,t [, where t, corresponds to the first time when Apt(t.) = 0, i=1,2 and An(t ) = 0 for [JAn(t,)
1 1 RS L U nteyd =2 ST

+ z:iﬂﬁgf(tl)n( L. @ given positive number). The foregoing conditions may be relaxed by allowing point contacts
with zero velocity. In the case where a specified clearance between any two components of the robut must be
maintained, we may enclose each member by a boundary layer with prescribed thickness, and impose conditions (i1)-
(iii) to the outside boundary of the layers.

(b) Each end-effector should tend to itsvdesiqnated gripping point in a smooth non-oscillatory manner during
its final approach. This can be fulfilled by requiring l|ap* (+)|] and {Jant-) || to be smooth strictly monotone de~
creasing functions of t over some - “binterval {[t',t ]JC{0,t ], and {lapt (x yge,, i=1,2 and ”Aﬂ(tﬁll(c , where £ _,

ﬁl and £2 are specified nonnegative nu bers. To ensure acceptable relative velocities between the end-effectors

and the gripping points of the object when they are within the gripping range, additional velocity constraints:
llepioli < Ci.i=1,2 and lIAp_(tl)H< € may be introduced.

(¢) To achieve complete autonomy of the OMV robot, the control strategies or control laws should depend only on
on-board sensor data. Moreover, they should be sufficiently simple so as to permit on-board real-time implemen-
tation,

Evidently, the incorporation of the foregoing requirements and constraints into the formulation of any control
problem leads to formidable difficulties. A basic difficulty is that the characterization of the class of con~
trols which generate the collision-free maneuvers and monotone approach is not readily obtainable. In what
fullows, wn propose a simple approach which bypasses the abovementioned difficulry.

4. PROPOSED STRATEGY
The basic idea it to decompose the robot control problem into three phases:

(rl) Alignment thase: The objective iLs to maneuver the CMV so that its heading n_ is aligned with the object's
jripping direction 30. Moreover, the arms are prepositioned to achieve the required end-effector orientation
and position so that the object can be grasped by a subsequent straight-line translational motion of the OMV,
Since it is diffi-ult to achieve collision-free OMV maneuvers and arm movements when the object is close to the
oMV robot, we propose to move the MV sufficiently far away from the object before initiating any alignment maneu-
ver and arm prepositioning.

(P2) Acquisition Phase: With the arms' joint angles locked in the preset values, the OMV moves along a colli-
sion-free straight-line path to rendez-vous with the object in a monotone manner. The attitude «ud translation-
al motion control systems at the OMV base maintain the deviations HLE(C)H,ﬂ&ﬁ(tﬂlﬂi&gi(t)“,HAé‘(tH], i=1,2 within
the acceptable values at all times during the rendez=-vous.

(p31) Task Phase: After graspping the object by means of the end-effectors, the joint angles are again locked.
rhen the LMV moves to the required destination and places the object there with the specified orientation.
Finally, the MV backs away from the objact along a straight-line path,

The thoice of stral -line paths for translational motions is motivated from the fact that complex mancuvers
of the OMV in space should be avoided,since such maneuvers could be catastrophic in case of control system failure,
The proposed locking of all joints -during any base attitude alignment and translational maneuvers av.. s the possi-
bility of undesirable arm motions induced by the inertial forces and moments.

In what follows, we shall present a control strategy for each phase. For simplicity, only the case with
planar motion will be considered here,

4.1 Maneuvering Strategy for Alignment and Acquisition Phases

Let 7 = (31,32,91,,52,,90) and ZR(jSco)CZRZ denote the spatial domain of the OMV robot corresponding to a
given set of angles ¥ and a specified r (position of the centroid of the OMV base relative to the inertial
frame). et T(Eco) =Y 2€q :R(g’gco which corresponds to the set of all points in R° swept out by ‘the
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robot body as 9 varies through its admissible values specified by the set ilad while keeping o stationary.

To simplify the ensuing development, we assume that the object L is stationary with respect to the inertial
frame. If the QMV robot and the object are sufficiently close to Sach other initially such that I'(r YN #¢,
then the objective is to move the robot to a new position specified by r* at which e YN L =g T and °
inf (jix - 5'”: x€T(r_),x*'€ L.} »e, >0, where €, is a given nonnegatzse number.  °° To aVoid a complex col-
lisjon-free maneuvering pzoblen? we restrict tha maneuvers to straight~line translations without robot-bady rota-
tZons and with locked joint angles., Now, we give a simple collision-free maneuvering strategy by representing
the robot arms L and L by line segments and the base L. by a closed rectangle as shown in Fig.3. Moreover,
the object I, is assunedAgo be a compact convex set with interior points (If I_ is not convex, we consider co(l )
instead of Zo). We also impose the following geometric constraints: ° °

{Cl) link-length Constraints: 9.1 >, "1' >4, and & +2 < w, where w is the distance between the rotation axes
of joints 1 and 1'. The latter condi%ion implies that a c¢Sllision between links 1 and 1' is impossible.

(C2) Joint-angle Constraints: Let € be a specified small positive angle and

~ - ~ - - - - ’
91 = cos 1(12/9,1), 61. = cos l”‘z'/gl')' 01 = 2 tan ‘(;__JTz) . 61, = 2 tan '(;_'___Yl_z...) . (1)
where 1 1
s = (ll+ﬂ.2+h)/2, s' = (11,+12,+h)/2, Y ‘[(5-11)(8-12)(3-1’1)/8]1, Y = ((5'-El,)(s'-9.2,)(5'-h)/s'|3.
(2)
We require:
51-E<elgn+el+'€, -51,+E<01,<ﬂ-51,-3, (3)
and
leilsn-E, i 2,20 4

Condition (3) along with constraint (Cl) imply that a collision between axm 1 or arm 2 with the base is impossi-
ble. Condition (4) avoids the possibility of link 2 (link 2') folding back onto link 1 (link 1').

tet 9° and r° denote the initial set of angles (OO,SQ,OT,,BO,,OO) and the position of the base-centroid re-
'spectiv;].y. ngdently, co(Z _(O7,r  )) is a closed convex pol.ygc.m.Q The straight-line collision-free maneuver-
ing problem can be stated as BoT1ows? Given I (97,r__) such that ER(_Q ,r. )NZ_ =g, find a direction vector n
such- that ZR(Q It 'Jg_)nio = @ for all rea§ numbers o >0, e °

A solution to this problem is given by the following maneuvering strategy:

Case 1: If I and col(l (f)_o,ro )) have no common interior points, then we move the robot along a straight-line
path in the dir8ction 1 until

inf {]x - x' e gt_ET(EéO), £'€Z°}= € (5)

R . o . . . o
where n is the normal (directed toward ro(l ’Oo,r }) of any line separating the convex sets 2‘0 and co(ZR(Q ’Ezo))

= y
and 5;0 is the new position of the base-cengroid_igee Fig.4a).

- o ) . . - - 0 0 .
Case 2: [f & and co(Z (9°,r2 )) have common interior points, but I ¢co(Z (8 ,r  )), then there exists an
—— o R'= '=co o R'= '—co

vexit edge" E of the polygon co(l (‘)o,ro }) (i.e E is an edge which does not correspond *o any link or edge of
the base) such that EMNI # g, R= Let L{E) denote the line containing E, and P, the projection operator
from R? onto L{E) in the®direction V. The maneuvering strategy for this case is to move the robot along a
straight-line path in the direction -U until condition (5) is satisfied, where T is any direction such that

Pt Neolr (8%,:° ) C int(EY, ‘ (6
[«] R — co

1<l

where int(£) denotes the interior of E{see Fig.db). In general, there may exist a cone of directions zwhich
satisfy (6).

- - ~0O . I n o] . . - .
Case 3: Suppose that - Cco(Z (3 ,ro ). Let E be the exit edge of col(l ('Jo,r )} associated with I li.e.
——— Q R — "o R = "—co [o]

. . . . o L - .
the exit edge associated with the closed domain DCco(L (9 ,52 }) centaining U , whose bok\‘ndary 3D is composed of
£ and one or more links and base-edges) (see Fig.dc). Supposeé there exists a direction V such that

P (0 Z int(E) (7)
_J_ [

and

o
r
o

, o
by ~(% R =

co(..OU Pi( o)) N zR(l N i 2 (8)

- . ~

are satisfied, Then we move the robet along a straight-line path in the direction -V until condition (5) is

satisfied, Here, condition (8) implies that :o can be projected into L{E) in the direction ¥ without any ob-

structions from any part of the robot.

- . 0 ©o . . . L~ : .

Case 4: suppose that T Ccol(Z_ (O 298 )) and there does not exist a direction V such that (7) and (8} are satis-
fied simultanecusly (see Fig.4d), ° gheg itois %mpossible to achieve 'a collision-free straight-line maneu-
ver for the given set of angles - = (87,37,0°,,8_,,8). In this case, it is necessary to change 3 until both

conditions (7) and (B) are satisfied for some diréctidn E. We propose to accomplish this by altering the joint
anagles only without introducing a base rotation, The joint angles should be adjusted such that the sequence of
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domains (D ,‘.j-l,z,... } (defined in Case 1) generated by a sequence of joint-angle settings satisfy DiCDiﬂ'
i=1,2,0000 '

Having moved the robot sufficiently far away from the object, the next step is to perform a rotational maneuver
to align the MV heading N with the object's gripping direction N while holding all the joint angles at their
initial values (see Fig.5a). This is followed by a translational maneuver along a line parallel to the line con-
taining the gripping points Eq .and p; until a reference point on the robot base is aligned with a corresponding
point on the onect (see Figs’Sb and’5c). Finally, the joint angles are adjusted so that the object can be
grasped by the'end-affectors after a straight-line translational motion of the OMV while holding the attitude of
the OMV base stationary (see Fig.5d)}. This completes the alignment. phase. )

In the acquisition phase, the control system guides the OMV along a collision-free striaght-line path toward
the object while keeping all the joint angles at their preset values. The translation control law should have
the property that “Ap_" (t) ]|, i=1,2 decrease toward zero monotonically with t as t~+t, . Since the elementary
maneuvers in both the alignment and acquisition phases recquire controlling at most two variables at a time, the
control problea is greatly simplified, - This aspect will be discussed in the following section.

4.2 Control Laws for Elementary Maneuvers

To derive suitable control laws for the elementary maneuvers, it is necessary to obtain first the equations of
motion for the ™MV robot. Here, we use the Newton-Euler formulation to obtain the equations of motion for each
link,. The OMV base is regarded as a rigid link bhetween the two arms. This approach is adopted here instead of
the usual Lagrangian approach because it reveals the interacting forces and moments petween the arms and the MV
base. .

tet the links of arm 1 (resp. arm 2) be laballed by 1 and 2 (resp. 1' and 2')., The CMV base is labelled as
link 0 (see Fig.l). adopting the notations of Asada and Slotine [3], the equations of motion for each link are
given by

Link 1l:
-~ - v a g (2
o1 " b2 T Mt T al
- + x f - X - 5. - x = : {
B - N2t E,a B2 TR b Ty ey (e = O b)
Link 2:
£ - m v 0 1
£, " M¥e2 T 2 (20a)
A » - x = H 1
Mo " Ee2 B, T T2 TRt )t L (20b)
Link 1': ‘ .
fa,00 T Epee T M e T (11a)
Soope T Npeae P Epe e A T L it fo,r Tl R U 1b
Link 2°: . B .
- Lo, Mo e = 2 P12a)
N‘.',:' _Ll' 40 % flnlwv T,y B ““2! (12, (ﬂzu) Q: 12b)
Link 9 (COMV Base):
4 - £ - v+ =9 [
=1, =0,1 "5 Lo L2 3a)
A - N < £ - v - - x +N =0 [
21,0 —(),1'+ L)',co -0,1! Eo,co -E—I,O Io-'-Jo %o uo—‘—’c) - - -3
. o .
where v_. is the welocity of the centroid of link i referenced with respect to the inertial frame {x ,yo,zo; : mi
is the mass of link 1; f_’i_ i and -gi ; are the coupling forces applied to link i by link i-1 and i+l respec-
tively; s and I are-the adgular ¢ ! velocity and centroidal inertia tensor of link i respectively; r. de~

notes the position vector from point 0, (the origin associated with joint i+l) to the centroid of link i;oett
N is the coupling moment applied fo iink. i by link i-1; ﬁc is a control torque acting on link 0; and £ s
a'CoAtrol force acting at the centroid of link 9. e

For the case of a planar CMV robot, all the joint axes are along the z or zo 3xis. let ‘:i and Tc derote the
joint torques at the :-th joint and the control =orque respectively (i.e 2'-1 .= 1. e and l_=(ce ). Elimi-
nating the forces '_1 . in (9b)=(11b) using {Ja)-(13a), and adding (9a)-1(13a) 4ive tﬁe_zfollowiﬁq eqd—;tions:

v

LS SR Y 4 <= modr -z -r )< 7 = 1, e )
1-1 22 l1-o,cl =-<l 281,61 7 fo,el —l,e27 w2 1=z’
s -m, <7 = 1_e 15
2227 Mrie2 " S 2% -3
1 " A - PRy = T i
B . LE SIS TR S T T S A SIS Terr T TarZer : 128
v - . - - e
Lav Zae m.‘."—l',‘f." TV e 2-91' b))
[ Ll I, 9y * Iogaq, - mIE - ¥ % o= m,'r -r -r r x
- > -2 1 -1 2t =2 1 —o,co -o,cl -1 2 -1,<cl ~o,cl -1,c2 -0,c0 ~c2

- m, , (r - Yo - o, ir r r - )< v =1 e 18}

v ',co  -n',el’ —-1* 2etyt,el —ot,el?! Z1v,c2' T Zo',zo0 =<2 ‘e =2’




. ; .
Wer Y R¥en PR Yo Y PVt

’ €192)
where
rabot,

To obtain explicit forms for (14)-(19), we choose the body coordinate system C_ with basis Bt = {e (t),e (£},
e (t)} and with the origin O on the axis of rotary joint 1, Moreover, e {(t) is directed from point 0 to Y0%.

is choice of origin © is preferred over that at the base-centroid, aince the latter is usally not precisely
known. - Now, we introduce the joint angles 8 , i=1,2,1,2°, and the OMV base attitude angle O_ as shown in FPig.
3. Thus, the angulur velocities w‘ are ralaéed to the 6's by °

]
w - éo’él' w, = 6°+01082, wl,-oovel', mz,-e‘,»él,oe

91 - misz. Equations (14)-(19) constitute a complete description of the motion of the planar MV dual-~arm

20 €20)

Note that all the angles 0,, with the exception of 9 , are body referenced, Thus, they can be measured hy means
of body-reference sensors. The base attitude anqleof)o must be measured by means of an inertial-reference mensor.

Since the OMV robot is autonomous, it is natural to use the body coordinate system C,_ as the basic reference
frame for the arm motions and for observations of the environment from the OMV robot, Expressing the positicn

vectors E-i,cj with respect to the basis Bt, we have
L. icl((cal)g_x(t) + (snl)gy(t)), Fov,crr * v,d,((csl')g*(t) + (snl')gy(t)’.
-r-o,co ® ‘o,cogx(” ¢ yo,‘co‘-’«,(t)' » Kn;o' N ng(t)'
Iot,co ™ (xolco-w)g_x(t) + Yn,cogy(t)' LA ch((r:nl:)gﬂ(t) + (nnl2)gy(t)i, 1)
Epeeae * lcz.[(cul'Z')gx(t) + (snl'Z')e_l(tH, LR (V.Cl--’.l)((csl)g*(t) + (snl)gy(t)},
LIy =2, = 40 {(esle (6) + (sn1tde, (411,

A, A .
where sni=sin 8, , csi = cos 9., 3nij 4 sin(f, + 0 .) and cui) Qc:os(l), ¢, tn writing down (21), we have asswwn-
ed that the centroid (marked b§ "8" in Nq.])"ot‘ Any tink 1 of arm or 2 is located inside link I alonq the iine
segment connecting the joints { and i+l, The centroid of link 0 (OMV base) specified by £ co has the time~

invariant representation (x Y ,0) with reapect to the time dependent hasis B . '
o,co’’o,co t

Let Eo(t) = x (t)e ft) + y (t)e (t) denoto the vector directed from the origin 0P of the inertial frame to <he
origin O of the gody GonrdinaPe sﬂtnm CB' Thus ,

§ -y 0hre (1), ' £22)
o oy

T ¥ oey 8 =289 -x He (¢ Yoex 0o+ 2%
L (xo Yo'o 2 oo™ %o o):x( by ('yo %o *o
The accelerations of the link-centroids \'r‘ , i=0,1,2,1',2"' can be obtained by differentiating (21} (see Append:x
for their explicit expressions). Subs?féutinrx_ the explicit expressions for ‘—.’vi and Eﬂ leads to the following
equations of motion for the OMV robot: ' ’

LX)

RigQ g +vig,Q = u, 3)

T T A .T : .
where g = (01,92,61',9:.,9°,x(),y0) yu = (ul,...,u7) < Hl'[.?'rl"iz"rc'fcx'fcy' 3 Ec L fcx:‘—x(” + fc.["_../(r):
Vo= (Y a0V )T is a vector-valued function of 1 and '_'1 representing the centrifugal and Coriolis forces and mo-
ments, "and H(q) is a 7 7 matrix of the form:

Fh“ hy, O 0 he N h”‘
h12 h.’;’ 0 Q hl'i h:() h.!'l
0 0 h,] h}d h]g h “ h -

H =10 s} hM h44 1145 h‘", h‘” 124)

h,’1 hr);‘ h"x} 1154 h,)r) h,/“ !\,;_;
Pl M6 Mie Pas Pes P O

[P P2 Pyy Mg My 0 Pz ]

The explicit ekpress}ons for the elements of il and the components of ¥V are qiven in the Appendix.

Now, we consider the problem of deriving sutiable cantrol laws for the elementary maneuvers using *he mathe —
matical model described by (22), Since these problems tor all the elementary mancuvers are intrinsicaily iden-
tical, we shall discuss only a specific case to 1llustrate the basic ideas,

Consider the problem of deriving a control law for aligning the 0MV heading N with a specified griffing dz -
rection _[70 while keeping all the joint anqgles and base-centrold position stationary, In this case, we require
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— e - - N N . AL
e = @5, 0,00 @ ki) T A, 4+ 10,0,0,0,0 0 ,0,07 250,
o o'fo -] (25
. o A
i(t) = (O,O,O,O,OO(t),O,U)T = i(t) '
where ;o"—/-o'ai' i=1,2,1*,2* are specified constants. Thus, equation (23) reduces to ’
P —~
hss(g)uo = 'V5“irﬁi’ + Lc' (26}
TN ~ A . .
his(g)”o = -Vi(i,'_.p MU 7 5. : ] 27
A
tet Od denote the base angle such that 1= n , and 4y = Od - 8 . Equation (26) can be rewritten as:
o -0 =R o o o
he ()70 = Vg -t (28)
A simple control law for (28) is given by
rc = V5 (q,q hgs(g) (Kpl‘.‘)o + Kr.'.‘)o) . (29)

where K and K_ are zonstant feedback gains. Evidently, from (27), the required joint torques 1., i=1,2,1%,2*
and the*base control force f for keeping all joint angles and base-centroid position stationary are given by

u, = v his(i) (Kp.‘,‘]o vk Y, 1A, : (39)

The foregoing control laws (29) and (30) depend on the nominal values of the system parameters. It can be
shown that by choosing K and K properly, such control laws remain effective in the presence of small parameter
perturbations l(see {31, Bhaptcrr()). To ensure that all the joint angles and the base-centroid position remain
at their specified values during the heading alignment maneuver, a suitable linear control law depending on the
instantaneous deviations of the joint angles and base-centroid position from their specified values may be used.

5. CONCLUDING REMARKS

The key idea in the proposed control strateqgy for the dual-arm maneuverable space robot is to decompose the
maneuvers into a seqience of elementary maneuvers involving at most two degrees of freedom, . These elementary
maneuvers, are simple to perform,and they are particularly suitable for operations in a space environment in which
safety is a major factor. Although the results presented here pertain only to planar motions, they are being
extended presently to the qeneral three-dimensional case. An experiment involving a planar dual-arm maneuveratie
robot which is levitated above qground by an air bearing is in the planning stage at this time.
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APPENDIX

By direct computation using (21) and the relations: é%(t) =3 e (t), & (t) == e {r), the accelerations of tie
link-centroids. are given by Y I

l‘l-co : 'E.O’zo,co T wo,co'u - :(o,co"r;;:x e ‘xu,coj:o_."-o,co‘..c;;)(-"y(t) ! et
b TE rEL g TE gy (3w A aale (5 ¢ Hsnlie (0 - SACIE NI (B vipestie (e, )
:}—cZ = 's'o‘io’l *El’cz = E«; - {?.1('43.0 v'*;l)snl + -',l("}o + "31): csl + Q'r:2<.éo+ 61 + Ejz)snlz + "'CZ(‘}O' él 0"}2): cle?gﬁ(t)
+ {211‘50 + l).I'Jcsl - ("l(éo + “Jl): snl » "":2(:3.0 »*L + .',:2)csl2 - lcz(éo*él + éz)zsnl.’. :g‘/(t) B (&)
IR SRTT MU SO £ - fus? v F.Cl,(“)(s{él'):csl' + J.cl,('éofél)snl'}g_xm
+ ‘fwgo + ;'cl'(é.o - :j'v)csl' - I‘Cl'(:jo;%l'): snl':gy(t), \ (2-4)
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e . L A C e E s B E g .
Fope mEGtWE (6 # Ky o v E g0 = B m w0040, (0 48y ) el 4 0 (0, 40 )8l 40, (9 40, ¢ 0, 050102

£, (é°+é‘, +éz,) csl'2'le (6) + {wl_ -0, (B 40 dan1e =0 (8 48, 40,07 sn2020 + 0 (G 40 ,)es10

+L .8 48, +92,)2csl'2‘)gy(t), (F5)

where :x:o(t) is given by (22),
The elements hij (q) of H(g) are given by

2
UITELE SRR PO et 2

h12 = h21 - I2 + mzlcz(lcz + 21c52), . : (A=7)

2 2 .
+ mz(l:L + 29,19.52 cs2 + 9.c Y. {A~6)

- 2 } 124222 2402 & i ? 1 s
hig = I, +1,+ ml(lCl + lcl(yosnl + % osl)is m2{ 42l es2 e 0, bk (liosle i ,c812) vy (1snl s ,snl12) b,
' . : (A-8)
- - - r 0 s , em? Le ] -
h16 h6]. mllclsnl mz(llsnl + c25n12), h17 * h71 m Clcsl + mz( l.r':sl + czcle). (A~9)

- 2 h, = p = -m_1 - wm,f =
h22 12 + mzicz, o IZ +m, lcz(lc2 + Elcsz X csl2 + Y snl2), h‘26 ny ,czsnlz h62' h27 m, Czcle h72’
2 ) (A-10)
= 2 1 v e gl - = % ' -
Ry m Yot Tt mp ey by (0 #2000 500820 + 2500y hygmhyy = Tye vy Goge # 140820, (a-11)
- 2 et gnl’ ' TRPCTRN Vel g " 20
h35 Il' + 12, 0m1,( a1ttt (yo nl' + (xo+ wicsl?) i+ mz,(ll, §211,Pcz,csz MRS (x°+w)( 1,c:xl + c2'C51 2%)
L] 19 -
+y (2,81 + L, snl102 Y1, . (A=12)
- = - L. ' Y - 2 ' ) . 1 _
hig = hea ml,lcl,snl mz,(il,snl #9.c2,snl 29, hyy=hg, ml,lcl,csl bmz,(ll.csl +2c2,csl 2'), (a-13)

2
9 . (3} P _
hag =Ty + My R2y0,  ho=I,, ’,'“z-lcz-”cz' +2,082% + (x_+wlcsl'2t +y snl'2 by (A-14)
- 120 = (-1
hyg=heyg™ mz,icz,snl 2, hyg =Ry, = mz,lcz,csl 2, (A-15)
2 2
- - 2 - s 7
hoy =1, v1, + mllcl(lcl %5, co csl yo'cosnl) +m2(21 +211 <2652 * L xo,co(llul + C:,c512)
- yolco(llsnl + lczsnLZ)), (A-16)
= [ - - N
h52 12 +m, 'c2”‘c2 + 7,1csz xo'cocsu /O'co.mlz) B
= { - PRI s } (LY ’ 2 - ss1?
h53 It 12, ”"l'q’cl' \ch, + (w xo,co)c"l' /O,cosnll‘ rmy, ’Ll' *~l<1,lc2'cs2 + V,CZ, * (w xo'co) (Ql,csl
s s1920) - 9 ’ ), sni'2') } A=17)
v ZCZ’CS1 2') yo,co('l'snl tch' ni'2") 1,

= . - XN spl*'2? -
PO S mz,lcz,(lcz, + 40820 ¢ (W xo,CO)CSI 2 Yo,co nl'2'}, (A-18)
= z - - 2 - -y 3 22 422 + 12
hSS I’I‘ *ml(id + (xo xo,co) 1<:ICS1 * (yo yo,co) Clsnl xoxo,co yolo,cc}‘ "»‘2 zl *2 12C2C52 c2
+(x0-xo’co) (llcsl + lczcsu) + ('/O - yo,co) (2x§n1 + 1c25n12) - xoxo,co -yoyo,co
192 - ? . - 2 ' - -y
e (004 (v 2w Rg,co) Te1n 8L F y =y (VR salt b (x vw) (w %o ,c0) yo"o,co)
(a2 g 2 t S - 7 . ] RN - 3 * 2 snltae
MESTRE T 21,1, ,cz.CSZ f et (xo' Jw xo,a:o)( L,csl + ccz,csl 2') ¢+ (yo Io,co) (ll,snl + ,Cz,hnl 2')
- - 1 (A=19
4>(xo +w) (w xo,co) yoyo,cor, A=-193)
= -2 . -5 -7 _snl: . -l s ) - L3 120
h56 ml(y»o,co c!sn“ * mz(/o,co !qnl =2 ni2) it (Yo,co C!,:.nl ) Ty (yo,co ll'snl c2'5"1 v,
{A=20)
he, = ml(?clcsl - xo’co) rm, (A‘.lcsl . -',_.chlz - xo'co) emy W Leopreslt - "o,co) +myi(w+iyicsl®+ 250 csli2?
(A-
= Xg,co’t fA-21)
= -m, - 3 F 2) - > snlt - LIPS 121 - - -
h65 ml.clsnl mz(llsnl + Czsnl } LI nl m,, (ll,snl + lcz,sn!. 2") moyo,co mTy,o' {A=22)
= = (A=
h66 h77 m_r, . ‘A=-23)
= q < 512 : osl? 2 ' 190 -
h75 mllclcsl +m2(llcsl + QC2Cal ) emy, (w+ Lol si*) +m, (w+ xl,csl + Zcz,csl 2') ““oxo,co +meo, {A-24)

where I_ =1 +I +1_+1I
T ]

1t the t e mpEm ey tm, e

14 #mzl, and all the remaining hij's are zero.
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The ccmponents of l(i,i') are given explicitly by:
. . 2 s 8L 2 . s 2 s 8 a2
vy nl.”cx((zyoéo + xoéo)nnl + (2x°9° yoéo) csl} + mz( (2y°6° + xoeo) (llsnl * 2c23n12) + (2x°8° yoeo) (tlcsl
o . e 2q
+ 4 jc812) - (2 (6,+8,)8,+8)) 11£C23n2}, (A-25)

2 . 2 . . A 2 |
) "21‘:2“‘1‘60 +8)%an2 + 2y 8, + "oéo’ snlz + (2% 8 - y $lrear2}, (A-26)

v, - ﬁl.lcl,(ﬂ?oﬁolr (xoﬁw)O;)snl' + (Zioéo-yoég)csl‘ }+ mz,((2§°6°+ (x+v) é:) (4,,801" + L ,801°2%)
+ (zioéo-yoég) (2, ca1" + % 5,c81'2") - (8], +2(8 ¢ §,08,,08n2'1, {(A=27)
Ve = m g (B, (6 +8,,Fan2t + (296 + (xow)é:)mvz' + (2% 8 -y blresii2t), (A-28)

. i T . s _ . 2 s,
v = om Lo =8 es1) (2 8 -y 80 - £ (B ¢ 8 enl) ¢ Wy, oo 2 sn1) (29 8 +x 8242 (8401 %cal)}
- - - [ X 9 - .2 - 2 - 8 8 2 - - s
mz((xo,‘__o % cal Eczcuz)(Zxoeo_yoOo ll(éotél) snl lcz(ﬁooel 962) snl2)+ly, .o L snl - ,8n12)
. 22 . s 2 2 - - - . $ 6 -y 82
(27,9, + x 80 + £,(8 +8,) “cel + ch(éo + él + 62) cs12) } ml'((xo,co w-i_),c8l Y62 8 -y 8

(Go 461,)2 snl') + (yo'c -2 snl')(2§'°6

2 a 2 32
o L1t + xoéo + lcl,(8°+él.) csl' + wﬁo)}

- ,'cl.' °
_ o _ TS PP _ . s
mz,((xc”‘:° w - 2 ,c8l L 81020 (2% 0 ¥ 00 < 2 8 ¢ 8,,)" snl® 2,018,489, +6,,)%sn1027)

A ) , s ) N i s e L w
+ Yy oo bpesnl! L,.8n1'2") (27 8 + xoéo s 1,08 46 sl =t ) (B 46, 48,0 cal’2 véo) Y,
(A-29)
. ., TR . . - . . e 2 . . 2
Vg = Mp(20 3 4 x B2) = md e w2 (B 4 6)) ol myl (8 + 8 + 67 cs12 = () 0, *mz,ll,)(6°~él,)csr

- 3 8 P v oo 42 _ 42
mz,lcz,(éo + 61, »62,) csl'2 my, + r|\2,)weo moxo'co 00,

(A=-30)
. S s sl .. s ) \ X
vy = m (28 % -y 82) - (mi ) 4 my2) (0, +0)) snl mzlc2(6°+91052) snl2 = (m L, mz.ll.)(eo»él,> snl*

-m lcz,(ﬂoc- é).' »62,)2 snl'2' - my 2

2! o c,cogo' (’A-Jl)

Note that H(g) is not the manipulatcr mass-inertia matrix. Its nonsymmetry ( i.e, hSi(g) =h (qQ,iFf5,i=1,...,

7) is partially due to the fact that the control force f and the acceleration of the base-céntroid are ex-
pressed in terms of the body coordinate system C_ with Fa:sis 8. . The moment r xf also attributes to the
nonsymmetry of H{q). It can be shown that the manipulator mass-inertia matrit®® T° m q) is related to H{q)
by
{ I, o l [ 1, Q_] ) .
H(g) = Hig) . (A-32)
o} Q o] P :

where I4 is the 4 x4 identity matrix, and

1 -y X 1 o 0
o,c0 "0,c0
Qg ={0 1 0 ’ P=) oy, cs0 sn0 . (A=-33)
0 ¢} 1 -x -sn0 cs0
. o
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CRIPPING POINTS

)

INERTTAL
FRANE

Fig.l Sketch of a dual-arm maneuverable space
BASE
robot.

(»)

Fig.2 Modes for qripping a rod by a planar
dual-arm robot, (a) gripping with a
single direction of approach for both
end-effectors, (b) gripping with dif-
ferent directions of -approach for the
end-etfectors.

0% 2°

INERTIA -
ERTIAL FRAME Fig.) Simplified planar maneuverable dual-
arm robot.
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Fig.5 Elementary maneuvers for the alignment -
phase.
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